A rationale is offered and methodology illustratedfor integratingthe fundamental steps involvedinthe collectionand processing of blood for laboratory evaluation. The approach taken in the development of these concepts and components greatly extends the possibilitiesof laboratory systems integration without upsetting established modalities. A prototype design of the integrated blood-collection system integrates blood collection, cellular separations, sample transfer to stable storage without chemical mediators, and sample presentation for chemical analysis (e.g., precision metering) while preserving patient identification. A sophisticated, multi-chambered blood-collection container is the site of all bloodsample processingand transfer steps. This device is supported by a compact, robotic centrifuge of unique design and a transfer mechanism to facilitate sample delivery for analysis within a diagnostic instrument.The confluenceof these indMdual components into a single integrated system provides the means to completely automate the processing of blood samples, after sample collection, eliminating all manual transfer steps and any external exposure of blood interlaces outside the diagnostic instrument. Configurationalderivatives of the Integrated Blood-Collection System offer choice of skinor venipunctureprocedure, rapid plasma extractionfor micro-or macro-collected volumes, and sample deliveryby either aspiration or direct metering of discrete 10-1L samples from the collection container. The skin-puncture configurationprovides the opportunitywithina single device to collect and process up to 500 pL of sample by capillarity from a skin prick. it is surprising that the methodology and equipment used for the collection, preparation, and presentation of blood samples for analysis have not evolved to fully exploit the potential of these instruments. On the contrary, only limited progress has been made during the past two decades to simplify, streamline, or automate blood-sample collection and processing. The glass evacuated blood-drawing tube (e.g., Vacutainer Thbe; Becton Dickinson Corp., Rutherford, NJ) has replaced the syringe for drawing blood by venipuncture, and the disposable needle is now used to ensure sterile conditions. Furthermore, thixotropic gel is sometimes used in the blood-collection tubes to isolate the plasma/serum and minimize the resuspension of blood cells after centrifugation, during the aspiration of samples. However, the blood volumes drawn from patients (-10 mL) are still large, despite the minimal demands of the diagnostic instruments. Robust centrifuges (-15-cm radius rotor, rotated at >2000 rpm for up to 10 mm) are needed to separate thoroughly the blood cells in these large-volume samples and to mobilize the thixotropic gel. The entire blood-processingand presentation process is highly labor-intensive, and positive patient identification (ID) is at risk because of the many manual transfer steps involved (1-3) .
leukocyte count, or a screening for extremely low concentrations of a particular analyte such as thyrotropin, today's analytical instruments are capable of providing extremely precise results quickly, reliably, conveniently, and automatically, with a minimum of operator involvement. Many have high throughput capability, meaning that they can provide a 10-test screen for more than 100 different patients every hour (>1000 tests/h). Taken collectively, these "high-tech" instruments-e.g., the Ektachem (Eastman Kodak Co., Rochester, NY) analyzers, the Hitachi units (Boehringer Mannheim, Indianapolis, IN), Du Pont (Wilmington, DE) analyzers, and automated Coulter (Hialeah, FL) cell countersprovide a broad range of clinically relevant data for a blood sample in a matter of minutes.
Given the level of sophistication in clinical diagnostic instrumentation, it is surprising that the methodology and equipment used for the collection, preparation, and presentation of blood samples for analysis have not evolved to fully exploit the potential of these instruments. On the contrary, only limited progress has been made during the past two decades to simplify, streamline, or automate blood-sample collection and processing. The glass evacuated blood-drawing tube (e.g., Vacutainer Thbe; Becton Dickinson Corp., Rutherford, NJ) has replaced the syringe for drawing blood by venipuncture, and the disposable needle is now used to ensure sterile conditions. Furthermore, thixotropic gel is sometimes used in the blood-collection tubes to isolate the plasma/serum and minimize the resuspension of blood cells after centrifugation, during the aspiration of samples. However, the blood volumes drawn from patients (-10 mL) are still large, despite the minimal demands of the diagnostic instruments. Robust centrifuges (-15-cm radius rotor, rotated at >2000 rpm for up to 10 mm) are needed to separate thoroughly the blood cells in these large-volume samples and to mobilize the thixotropic gel. The entire blood-processingand presentation process is highly labor-intensive, and positive patient identification (ID) is at risk because of the many manual transfer steps involved (1-3).
The centrifuge is loaded manually and then operated. Once cell separation has taken place, the blood-collection tube is removed manually and the sample is aspirated manually with a pipette. Typically, the sample is divided into about three separate aliquots for separate purposes (4). The patient's ID is handwritten on each aliquot, after which the aliquots are transferred manually to the appropriate diagnostic instruments. Each time the blood samples are manually manipulated, especially during pipetting operations, there is a signif-icant risk of infection for the technician and the laboratory staff (5, 6). Positive containment of patients' samples clearly is compromised by the standard practice of aliquoting the samples into a series of uncovered or loosely capped serum cups or tubes for introduction into the analytical instrument.
One recently suggestedmodification to overcomesome of these disadvantages is the introduction of blood-collection tubes directly into the diagnostic instrument after centrifugation. But this method requires either an automated septum puller or a means to reliably pierce the septum to access the serum. Either approach requires the collection of a substantial volume of blood from the patient and a sophisticated means to identify and avoid the erythrocyte or gelatin interface. Both approachesalso include the risk of sample spillage and (or) aerosol formation inside the analyzer.
Furthermore, a stainless steel needle is needed to pierce the septum; however, either this needle must be disposableor, if the needle is to be reused without compromising the accuracy of the chemical analyses, an elaborate cleaning procedure is needed inside the analytical instrument.
In summary, conventional blood-preparation processesare inconsistent with the level of technical sophistication embodied in the wide variety of analytical instruments currently on the market. Thus, there is a strong incentive to develop methodologies, protocols, and equipment to effectively automate the blood-collection and sample-preparation process, and to fully integrate it into a wide variety of diagnostic instruments. Such an integrated blood-collection and processing system would offer a number of advantages: #{149} It would streamline the overall diagnostic process involving blood analyses. #{149} It would minimize the health risk associated with handling patients' samples. #{149} The time required to obtain a clinically relevant answer regarding the patient's health would be minimized. #{149} It would ensure positive patient identification for the samples. #{149} The process would be user-friendly and transparent to the user.
Here, we present new technology, along with the methodologies for implementation, to fully integrate the steps involved in the collection and processing of blood for diagnostic analysis. The philosophy throughout the development of this technology has been to ensure its compatibility with a variety of analytical instrument technologies, in view of the long-term objective of a completely automated, user-friendly blood diagnostic system. This technology is relevant to small, desk-top analyzers as well as to the large, high-throughput instruments in blood diagnostic laboratories. A desk-top analyzer with self-contained blood-processing hardware would be a very effective "stat" device, a major asset at bedside in critical situations such as in the intensivecare units, and would greatly enhance the diagnostic capabilities of doctors' officesand clinics.
Objective
As described earlier, our objective is to develop a fully integrated system of devices and methods to make the preparation, processing, storage, and delivery of blood samples for chemical analysis completely transparent to the user. Such a system, when incorporated into today's sophisticated chemical analyzers, could potentially transform the conventional, labor-intensive blood analysis process into a fully automated, user-friendly system for clinical diagnostics. That is, the phlebotomist would draw the blood sample from the patient into a few specially designed "tubes," insert these tubes into the analytical instruments, and then walk away. The physical and chemical analysis of these samples would take place automatically.
If the instruments were located in a centralized laboratory facility, the results could be transmitted electronically to the patient's bedside, as well as to the hospital database, by the hospital's computer network. The capability for such interfacing already exists. Alternatively, the instrument(s) might in fact be at bedside, sothat the analytical results would be presented without delay.
To achieve this goal, we must overcome several technical challenges. First Figure 1 . Although the concepts embodied in the PROUD container satisfy many of the goals of the integrated bloodcollection and processing system, it does not address the manner in which the collection container and processing system is incorporated into the accession end of a diagnostic analyzer. To sustain the analyzers' high throughput capabilities, the processing steps must be accomplished in a relatively short period of time. Otherwise, the space dedicated to the processing equipment inside the machine would have to be extraordinarily large to accommodate the inventory of sample containers in process. In particular, the current practice of 10-mmcentrif. ugation times is unacceptable, in our opinion. However, to shorten this time with current centrifuge designs would require spinning the samples at much higher rates, or else using centrifuges of much larger diameter. Either alternative is undesirable because of the risk of cell lysis if the blood cells are exposed to the higher shear and compressive forces involved. But even if this time could be shortened considerably, the space occupied by the centrifuge alone may be too cumbersome, especially in smaller, desk-top analyzers. Furthermore The large surface tension force produced by the small inside diameter of these tubes (-0.13 mm) is sufficient to contain the blood in the tubes until the ends are sealed with wax. But the small diameter also means that the blood volume contained in each tube is extremely small, typically about 20 pL. In addition, the blood sample cannot be pipetted out of such a narrow tube. To overcome these limitations, a small plastic tube with an integral scoop (e.g., the Microtainer; Becton Dickinson Corp.) has been developed, which is used to "scoop up" the pool of blood produced by the skin prick. This device offers a much larger volumetric capacity (-700 p.L) and allows for sample accesswith a pipette, but blood collection and containment are inconvenient at best because this method does not exploit capillary suction to induce fluid flow. Unfortunately, neither approach lends itself to integration into a robotic blood-processing system. Therefore, because blood collection from a skin prick is a prominent means for obtaining blood samples for analysis, we decided to try to develop a means that would permit our ideal blood-collection and processing system to function effectively in situations where venipuncture is undesirable.
In summary, we need a sophisticated blood-collection container (PROUD) that accommodates all the necessary blood-processing steps, from blood collection to sample metering inside the analyzer. Second, a centrifttgation process must be developed that can efficiently separate blood cells in the sample and yet fit easily into the front end of diagnostic analyzers. Third, the PROUDcontainer must be somehow conveyed from the input slot on the analyzer, through the centrifugation process, to the sample-delivery station for diagnostic analysis. Finally, if all of the above can be achieved, a means must be developed to extend this technology to blood collection by capillarity from a skin prick as well as by venipuncture.
Enhanced Centrifugation
The time required to separate blood cells from serum or plasma by centrifugation depends not only on the centrifugal force applied to the cells (which acts as an enhanced gravitational force) but also on the distance that the cells must travel to settle out, i.e., to reach the bottom of the container. The shorter the settling distance, the shorter the processingtime at a fixed value of the centrifugal force. centrifugal force if the container axis is parallel to the axis of rotation. For example, if the goal is to achieve a separation in 30s, then the axial orientation requires a centrifugal force field of -300 x g, whereas the conventional orientation requires 1600 x g. This result has a critical impact on the size of the centrifuge required to do the job. Indeed, the desired cell separation can be achieved with a compact centrifuge having a radius of only 2.5 cm and spinning at a modest rate of -3000 rpm (Figure 3 ).
Plasma/Serum Transfer to Storage
Although the phase-separation time is diminished substantially by using the axial orientation for the container, this configuration creates a serious problem, which until now has restricted centrifuge designs to the perpendicular orientation. When the centrifugal force is removed, the sediment shifts its position because of the action of gravity. For tubes in the perpendicular orientation, this result is not a problem because of the a, narrowness of the tubes and thus the relatively long distance that the cells have been displaced from the plasma. Also, many centrifuges are designed so that the tubes rotate into an upright orientation as the centrifuge decelerates, so that the net gravitational (body) force is always perpendicular to the cell-plasma interface. On the other hand, the effect of gravity on the rearrangement of cells in the axially oriented tube is catastrophic, as shown in Figure 4 . In short order, the cells that had been completely separated from the plasma, through transfer to the side wall, settle to the bottom of the tube. In this process, many of the cells become resuspended in the fluid medium.
One way to overcome this shortcoming of axial orientation is to separate the liquid from the separated cells while the centrifugal force is still being applied to the cells. This same concept is employed by Godolphin et al. (4) in their proprietary Axial Robotic Technology apparatus (7) . In their device, however, the tube is rotated on-axis, which means that significantly higher rotational speeds are required to separate the blood cells, because the cells near the center of the tube experience only a small centrifugal force even at high rotational speeds;design flexibility is minimized because the rotational speed for separation is intimately linked to the container size; and the mechanical means for separating the plasma from the blood cell sediment is complicated and not easily incorporated into a multi-functional device such as the one envisioned in our blood-processing system.
In our PROUD container, the plasma transfer step is accomplished during the centrifugation step with the aid of a hydrostatically actuated valve (9), illustrated in Figure 5 . After the sample has been centrifuged at -3000 rpm for the time required to completely separate the blood cells from the plasma or serum, the rotational speed of the centrifuge is automatically increased so as to increase the body force on both the blood cells and the plasma. This increased "gravitational" force on the plasma results in a hydrostatic pressure sufficient to compress the valve off its seat and allow the transfer of plasma to a storage chamber.
Not only does the above strategy for plasma transfer interface during centrifugation, or to use a special pipette that has a filter incorporated into it. Our process of plasma transfer during centrifugation eliminates the need for either procedure because the high g-forces provide a remarkably compact and stable plasma-cell interface during the transfer process,which makes resuspension of erythrocytes essentially impossible.
The HydrostaticallyActuated Valve
Although the operation of the hydrostatically actuated valve is straightforward, its design requires careful attention to detail (8). For example, the increased hydrostatic pressure produced by the plasma layer at the higher speed must provide sufficient force to open the valve and keep it open until a substantial fraction of the plasma has been transferred to storage. On the other hand, the valve must remain closed at the lower rotational speed, while the erythrocytes are being separated from the plasma. At any instant, the excess pressure (P -Pa,) exerted on the valve depends on the rotational speed #{252} of the centrifuge, the distance between the valve and the axis of rotation R, the height of the plasma layer "above" the valve (R -R), and the mass density of the plasma p:
As a concrete example, consider the case of a centrifuge for which R equals 3.8 cm, and an initial liquid level in the PROUD container of about 0.5 cm above the valve. During the erythrocyte separation step, rotating the centrifuge at 2000 rpm will provide a pressure differential on the valve of about 8.0 kPa. Thus, the valve must be preloaded to withstand this pressure to prevent whole blood from entering the plasma storage chamber. (To be safe, the valve should be preloaded to a substantially greater pressure, -16.5 kPa.) However, once the erythrocytes are separated, the rotational speed is increased to, say, 5000 rpm to increase the pressure differential on the valve (in this case, to 49.8 kPa) and cause the valve to open. In fact, to collect a significant quantity of plasma, the valve must open and remain open at hydrostatic pressures well below this maximum. For instance, if the valve opensand closesat a pressure differential of 16.5 kPa, the plasma will empty into its storage compartment until the plasma layer above the valve is only 0.16 cm high. This means that about 68% of the plasma above the valve is transferred into the storage compartment in preparation for metering and biochemical analysis. In practice, this plasma-transfer process is completed in just a few seconds. To substantiate the valve concept, refine its design, and select appropriate valve materials, we used both finite element mathematical modeling and experimental testing. Although the general concept of the hydrostatic valve can be implemented with a solid sealing surface that is held in place with a spring, a far simpler concept is to use an open-cell foam material as the valve body. The compressibility of the foam acts as a spring, making it easy to compress and insert this material into its special compartment in our container. To be certain that the sealing surface is impenetrable, the foam is faced with a thin aluminized sheet. Not only is this type of valve easy to implement and cheap to use, but also it is completely consistent with our objective of designing a completely disposable processing container.
Using finite element methods to model the static deformation characteristics and stress distributions of valves of various designs, we examined a variety of valve shapes, preload techniques, and boundary constraints. The inertial loading due to the centrifugal force field on the valve itself was also examined to determine the effect of inertia on the valve's sealing ability. The results of this theoretical modeling clearly show that a simple, cylindrical valve provides the most predictable and understandable performance. Special care must be taken in the choiceof the foam material, however. If the Young's modulus of the material is too large, the necessary degree of linear compression for preloading will begin to approach manufacturing tolerances on the dimensions of the valve compartment, and the unit-toEktachem rp unit variability in actuation pressure will become appreciable (>10%). One material that is ideally suited to our needs is Poron (lllbruck/USA, Minneapolis, MN), a moldable, open-cell polymeric foam with a high void fraction. Because of its high air content, which is free to communicate with the environment, this foam is remarkably compliant; however, its open-cell structure renders it ineffective at producing a liquid-tight seal. Two options exist to overcome this liability. First, opencell foams can be cast in such a way as to produce an impermeable skin over at least one of its outer surfaces. Second, the Poron can be used with a thin sheet of a dense latex (or other polymer, metal foil, etc.) to form a composite valve that is both compliant and impermeable to liquid. Experiments to determine the ability of the composite valve to create a liquid-tight seal in the desired hydrostatic pressure range verified the effectiveness of various composite materials as hydrostatically actuated valves for the PROUD container.
Precision Metering
One objective in the design of this container is to provide for discrete metering of 10-p.L samples to dry chemistry slides for chemical analysis. Performing quantitative chemical tests with 10 /LL of biological fluids requires an extra measure of metering precision. Samples must be delivered to the analytical slide in a reproducible fashion with a precision of 0.1 L. This task is not easily accomplished in conventional metering systems because, before the dispensing step, the metering tip must first be submerged into the liquid to aspirate the liquid. When the tip is withdrawn from the liquid, an undefined amount of liquid clings to the outer surface of the metering tip and drains by gravity to the metering orifice, where it augments the volume of liquid being delivered. Under the worst possible circumstances, the volume of liquid in the film may be sogreat that the liquid will detach prematurely from the tip, causing flooding of the analytical slide and contamination of the instrument (e.g., 9). One remedy is to manufacture the tip out of a nonwettable material such as Teflon (DuPont) so that the liquid will not cling to the tip. This strategy works well for metering pure, highsurface-tension liquids, e.g., multiply distilled water. But biological fluids such as plasma and serum contain proteins and other biopolymers that rapidly adsorb to hydrophobic surfaces such as Teflon to permanently alter the surface to a hydrophilic (wettable) state. If the metering process is done manually, the problem caused by the entrained liquid film can be solved by wiping the exterior of the tip just before metering. But this solution is impractical in an automated clinical analyzer. A novel solution to this problem, developed by one of us (10), involves the reshaping of the metering tip to exploit the force of surface tension to overcome gravity, which causesthe entrained liquid to drain down the tip to the metering orifice. Standard pipette tips have a nearly cylindrical shape. Alternatively, the Ektachem tip shown in Figure 6 is a robust, inverted cone that terminates in a short, cylindrical section at the orifice. The conical shape arrests the film drainage process and instead causes the liquid film on its external surface to flow upward away from the metering orifice (9).
Although this conical metering tip has overcome many of the practical problems associated with precise delivery of microliter volumes of liquid, its dimensions make it inconvenient to incorporate into a compact device such as that shown in Figure 1 . Recall, for example, that the blood-processing container is used first to collect the blood from the patient, so it must easily fit into a conventional needle holder that has been designed to accommodate standard evacuated blood-collection tubes. For this reason, as well as for ease of handling, the PROUD container cannot have a metering tip protruding from the side. Also, in the venipuncture mode, the PROUDcontainer would begin its life as an evacuated container, which would require the comparatively difficult task of sealing the end of the Ektachem tip in a reversible fashion, without altering or damaging the tip's metering surface.
An alternative is to use our advanced metering tip, which also is illustrated in Figure 6 . This tip controls metering precision with a series of discrete, concentric, cylindrical steps on its exterior surface. These steps impose positive control over the positioning of the sample during metering, while its large platform (orifice face) encourages the sample to spread rapidly outward over the receiving surface during the initial stages of metering. Because of these two effects, this advanced tip design improves the performance of dry-chemistry analyzers beyond that provided by even the Ektachem tip (11). But more significantly for the current application, this advanced tip is extremely compact, requiring only a small vertical height to perform effectively. The manner in which the tip is incorporated into the side of the PROUD container, as well as its compactness relative to the Ektachem tip, is illustrated in Figure 6 . Figure 7 presents a three-dimensional assembly diagram of the prototype sample-processing and delivery container. To achieve the detail required for highquality performance, the body and cover are fabricated from transparent polyethylene teraphthalate (PET 7352) by injection molding. Prototype parts have been molded to verify that the critical details can be accurately reproduced. Notice that the body mold incorporates virtually all of the critical features needed for the device, such as the socket for the septum, the bloodcollection chamber, the compartment for the foam valve, the plasma storage compartment, and the metering tip (underneath). Notice also that the top surface of the body part is flat, with an outside edge that is continuous around the device. This flat surface is needed to create a vacuum seal with the polyethylene-coated foil sealing gasket. The plastic cover provides structural integrity and also contains a recess for a barcode for patient ID. The bondsbetween the foil and the two plastic parts are made simultaneously by an induction heating technique that softens the polyethylene layer on either side of the aluminum foil and causes the layers to adhere to the face of each part, providing an air-tight seal. Figure 8 is a simplified schematic diagram of the multi-chambered collection vessel in cross-section, to illustrate how the device functions. In the collection step, the device is inserted into a conventional needle holder and blood is drawn into the evacuated chamber just as in any conventional blood-collection tube. After blood collection, the container is placed into a cueing station (not shown) that constitutes the front end of a diagnostic analyzer. A transfer mechanism in the analyzer moves the container into the specially designed centrifuge, which rotates the container in the axial position, separating the blood cells from the plasma or serum. After the sample has been spun for the time required to completely separate the blood cells, the speed of the centrifuge is increased to a new rate (Cl),which is sufficient to openthe valve and transfer the plasma into its storage chamber.
PrototypeConfigurationof the PROUD Container
As the plasma drains through the valve and into its storage compartment, the decreasing thickness of the SeaIlng Gasket Fig. 7 . Three-dimensional assembly diagramof a prototype PROUD container
The foil vacuum seal for the metering orificeon the undersideis not visible The collection step takes place by inserting the container into a standard needle holder.Separationand transfer are performedin the special centrifuge, andmeteringisdoneafterthecontainerhasbeen transferredroboticallytothe metering station in the diagnostic analyzer. Noticethatthe reduction in volume in the collection chamberduring the transferstepis due to flow of plasma into the narrow storage chamber. Because meteringis done horizontally, the erythrocytes remaining in the collection chamber spread out overthe floor of the chamber plasma layer above the valve causes the hydrostatic pressure to gradually decrease until it is no longer sufficient to keep the valve open. After plasma transfer, the centrifuge is stopped, the container is moved robotically in a horizontal orientation to the metering station, and pressure is applied through the iP orifice on the top of the container by a bellows assembly to force the plasma out of the metering tip.
Notice that the plasma storage chamber is actually a long, narrow channel capable of holding about 300 jiL of plasma. By making the channel narrow, we ensured that surface tension forceshave a significant effectin determining the location of the plasma, even when the plasma is subjected to high centrifugal force. In this way, the design is deterministic, such that the liquid location is always known and air entrapment is completely eliminated. One added feature of the channel that is not evident in the diagram is a narrowing to constrict the plasma just before it enters the metering tip. This constriction produces a pressure increase that is detectable with a transducer connected to the bellows, which signals the microprocessor-controlled metering station that the plasma is in position to be metered. The pressurization device in the diagnostic instrument will have an 0-ring-equipped face that seals on the flat surface around the orifice in the cover. It will also have a tip that enters the orifice and pierces the aluminum foil, top the plasma-transfer chamber.
Interlace to the DiagnosticInstrument
In modifying a desk-top analyzer to include our miniature centrifuge and robotic transport system, we position the axis of the centrifuge horizontally to simplify the transport system for the integrated container. The centrifuge rotor in the prototype has only two stations to simplify viewing and machining of the prototype; however, many more stations can be envisioned in a commercial unit. Most probably, the PROUD containers will be placed in a rack for automatic queing into the unit. At the appropriate time, each container is transported into a slot in the centrifuge, the longitudinal axis of the container being parallel to the axis of rotation. Alter the vessel has been spun first at -3000 rpm to separate the erythrocytes and then at 5000 rpm to transfer the plasma, the centrifuge presents each container at the metering station. At this point, the transfer mechanism moves the container forward, out of the centrifuge and into the metering position. A proboscis attached to a bellows is lowered to introduce pressure through the P orifice for metering. When metering of samples is completed, the container is advanced forward to a discard bin, its place in the metering station being taken by another container from the centrifuge. The instrumentation and procedures described above are specific to analyzers based on dry-chemistry formats and discrete metering for chemical analysis. However, many analyzers require samples to be metered into test tubes or other containers, to be mixed with liquid reagents. To provide compatibility with these instruments, the PROUD container can be equipped with an aspiration port, as shown in the prototype in Figure 1 (bottom). The internal configuration of the container is slightly different, so that the plasma or serum can be conveniently aspirated out of the device after processing, by piercing the foil gasket that coversthe aspiration port.
Use with Skin-Puncture Specimens
The container described above is designed to collect blood from a venipuncture procedure. It is difficult to imagine how the procedures currently available for collecting blood from a skin prick can be adapted into an integrated blood-collection, processing, and delivery system that is user-friendly, transparent to the user, and capable of being fully automated. One potential problem is the sparingly small blood sample that can be obtained from a skin puncture. Typically about 200 1L is collected in this fashion, 600 ML being the upper limit under optimal conditions. Conventional methods for manipulating such volumes produce sufficient processed fluid for only about five 10-L aliquots. However, because the technology embodied in the PROUD container involves no manual transfer steps and effectively separates plasma from cells without any cell resuspensionproblems, it has the potential of providing samples for substantially more tests than are currently done with the volume of blood collected from a skin prick.
The primary problem with conventional technology is the limitation imposed by the blood-collection devices themselves for collecting blood from a skin prick. Either the blood is drawn up in small aliquots by capillary action into many narrow-bore glass tubes, or the volume of blood that has been milked from the skin prick is carefully scooped up by a plastic container, which is difficult to manipulate effectively. Neither configuration is convenient to use for blood tests. The ends of the capillary tubes must be sealed with wax before they are placed in a centrifuge to separate cells from serum, and the extraction of serum or plasma after centrifugation is anything but straightforward The primary disadvantage of a capillary tube is the small volume of blood that it can draw up and contain. The inside diameter of the tube must be small (-0.13 mm) so that surface tension forces will be large enough to overcome the action of gravity and draw liquid into the tube. But this small diameter translates into small volumetric capacity. A practical alternative to the small-bore glass tube for drawing up blood by capillary action is shown in Figure 9 . Two parallel sheets of a wettable plastic separated by a 0.13-mm gap are dipped into a pool of liquid. Because the gap is small, surface tension forces are capable of drawing the liquid into the gap, against the force of gravity. But because the channel between the plastic sheets is broad, a relatively Parallel Filling Pattern Fig. 9 . Twoparallei, flatplasticplatesspacedby a narrowgap can functionas a capillary SUCtIOndevice as long as theplatespacing is small(-0.13 mm) Embossingorganized patternsof texture on the plates' Innersurfacescompels the liquid to fill the gap in a very orderlyfashion, thereby preventing air entrapment and incomplete filling vertically, the blood would rise to a modest equilibrium height, based on the gap width, and no more blood volume would be collected. However, by putting a bend in the device, so that the main volume of the collection chamber is oriented along the horizontal plane, blood continues to be drawn in by capillary action until the entire container is filled, or until the pool of blood is exhausted. By placing a cap on the end of the device, the sample can be centrifuged; afterwards, the plasma or serum can be accessedwith a pipette by breaking a foil seal (see Figure 10, bottom) .
In conclusion, this novel, integrated blood-collection and processing system consolidates in one unique, disposable element the numerous steps associated with blood sample collection, handling, processing, and dispensing. The methodology and technology presented are compatible with the full range of formats used by today's diagnostic analyzers and can be used to fully automate the process of blood analyses. Although one application of the technology may be to improve the efficiency and safety in large, centralized laboratories for blood analysis, the more intriguing application is for the front end of smaller, desk-top analyzers. The technology presented here can be used to transform desk-top analyzers into user-friendly, stat diagnostic devices for bedside use in intensive-care units or in doctors' offices.
Analytical Instrument
Vented Cap large volume of liquid can be collected. One feature that makes this prototype device work so effectively is the organized pattern of texture embossed on the inside surfaces of the plastic sheets. This texture compels the liquid to fill the channel in a well-controlled fashion, guaranteeing no air entrapment and excellent re-starting capabilities. 3 A photograph of one prototype of the two-dimension capillary reservoir device is presented in Figure 10 , along with schematics of the device in cross-section, We recognize the expert assistance of several individuals, without whom the ideas in this paper would not have become realities: Bob Schomske and Hans Porte for their invaluable contributions to the design and construction of the prototype devices;JeftIey
Mills for the numerical modeling of hydrostatic valves; Mark
Stiehl for his leadership in the production of fully functional, injection-molded parts; and Debbie Freyler and Angelie Dahn for the technical support, evaluation, and testing of the concepts presented in this paper.
